Abstract -In this work, the performance of a sequencing batch reactor (SBR) on aerobic granular sludge was studied for urban wastewater treatment. The system was inoculated with aerobic activated sludge collected from a wastewater treatment plant and, after 30 days of operation, the first granules observed had an average diameter of 0.1 mm. The biomass concentration reached a maximum value around 4 g VSS L -1 , and COD removal and nitrification efficiency achieved stable values of 90%. The predominant oxidizing ammonium bacteria in the granules were identified as Nitrosomonas spp.
INTRODUCTION
The development of aerobic granules has recently been studied as a method of improving conventional activated sludge processes due to its applications in removing organic matter, nitrogen, and phosphorus compounds from wastewater (de Kreuk et al., 2005a) . Aerobic granular technology presents several advantages compared to activated sludge processes. These include good biomass retention, the ability to withstand shock and toxic loadings, and the presence of both aerobic and anoxic zones inside the granules which can simultaneously permit different biological processes (Beun et al., 1999) . In such systems, the biomass grows as compact and dense microbial granules, which allows better biomass retention in the reactor, and, consequently, high biomass concentrations. Therefore, these systems have lower space requirements than systems relying on activated sludge.
The key operational factors that promote the granulation have already been established, and granular sludge from different kinds of industrial wastewater can be grown in sequencing batch reactors (SBRs) (de Kreuk and van Loosdrecht, 2006; Arrojo et al., 2004; Inizan et al., 2005; Schwarzenbeck et al., 2005; Wang et al., 2007) under different operational conditions such as oxygen limitation or low temperature (de Kreuket al., 2005b) . However, only a few works apply this technology to sewage (Jungles et al., 2011) . Additionally, most of these works were conducted on laboratory scales with only a few conducted on pilot scales (de Kreuket al., 2005a; de Bruin et al., 2005; Tayet al., 2005) . Scaleup of granular systems modifies hydrodynamic conditions, which have large effects on both the formation and stability of aerobic granules.
In Brazil, many small communities lack wastewater treatment facilities. The low space requirement, simplicity and operational flexibility of aerobic granular systems make it possible to apply this technology for sewage treatment in such communities. Therefore, the objective of this work is to evaluate the performance of a pilot granular aerobic SBR in treating sewage by measuring carbon, nitrogen, and phosphorous removal efficiencies under fluctuating loading rates and relatively high temperatures. Additionally, special attention was paid to the morphological properties and evolution of the granular biomass.
MATERIAL AND METHODS

Experimental Set-Up
A reactor with a total volume of 11 L and a working volume of 9 L was used. It consisted of a closed cylindrical poly(methyl methacrylate) vessel with a height of 1.90 m, a diameter of 0.09 m, and a minimum level after effluent withdrawal of 0.88 m. The effective height to diameter ratio (H/D) was 19.5 (Figueroa et al., 2009) (Figure 1 ). Air was supplied at a flow rate of 240 L h -1 through a fine bubble dome diffuser placed at the bottom of the reactor, which allowed the formation of small bubbles. This provided the tank with oxygenation and guaranteed complete mixing.
Influent was introduced in the system through an opening located at the middle of the reactor by means of a centrifugal pump. Another pump was utilized to discharge the effluent through a different opening located halfway up the reactor. The whole system was controlled by a programmable logic controller (PLC; Siemens model: AG-A5E00380839-02).
Operational Conditions
The system was operated at 3 hour cycles according to Table 1 . The exchange volume ratio was 50%, and the hydraulic retention time (HRT) was maintained at 0. 25 days. The reactor operated at room temperature (16-27 ºC) without pH control, and dissolved oxygen (DO) concentrations during operational cycles remained higher than 4 mg O 2 L -1 during the feast period. The system was inoculated with 3.5 L of activated sludge (23 g Total Suspended Solids TSS L -1 ) collected from a municipal wastewater treatment plant (WWTP).
Feeding Media
Urban wastewater was used as a substrate for microorganisms. COD concentrations were around 160 to 200 mg COD L -1 . Since these values were lower than that recommended for guaranteed granule formation (Beun et al. 2002) , a synthetic medium was added to maintain inlet COD concentrations of around 600 mg COD L -1 (Table 2 ). The synthetic medium was added because the effluent suffered many variations due to the occurrence of rain, thus sharply lowering the concentrations of COD affecting the grain (less than 100 mg L -1 ), causing the biomass forming the granules to be washed out of the reactor and the system affected by little food. Ramalho (1991) . Chemical Oxygen Demand (COD) concentrations were determined according to Soto et al. (1989) , and granule morphology and size distribution were regularly measured according to Tijhuis et al. (1994) . Scanning electron microscopy (SEM) and fluorescence in situ hybridization (FISH) were used to track the evolution of microbial populations.
Biomass samples from the reactor were collected, disrupted, and fixed with 4% paraformaldehyde solution, as described by Amann et al. (1995) . Hybridization was performed at 46 ºC for 90 minutes, and bacterial cells were hybridized and detected with the following FISH probes: the EUB338 mix for members of the domain Bacteria; Nso 190 for the majority of ammonium oxidizing bacteria (AOBs) of the β-Proteobacteria; NIT3 for nitrite oxidizing bacteria (NOBs); and NEU653 for halophilic and halotolerant Nitrosomonas spp. Details on these oligonucleotide probes are available at probeBase (Loy et al., 2007) . The 5' ends of the probes were labeled with FITC fluorochromes. Fluorescence signals were recorded using an acquisition system coupled to an epifluorescence microscope.
RESULTS AND DISCUSSION
Granule Formation and Properties
Most of the initial biomass washed out during the first days of operation because the biomass settling velocity was lower than 5.3 m h -1 . This is the biomass settling velocity required for biomass retention by the system. After 30 days of operation, small granules with an average diameter of 1 mm were observed (Figure 2(a) ). The average diameter of granules increased over the course of the operational period, and the average diameter was 4 mm at the end of the experiment (Figure 2(b) ).
The diameters of granules found in urban sewage are smaller than those found in other types of effluents (Zhang et al., 2005) . Small granules formed at the beginning of the operation in this study and their diameters gradually increased over the entire operating period. These granules were larger in diameter than those seen in other wastewater studies (Tayet al., 2003; Weber et al., 2007) . . After 300 days of operation, a biomass concentration of 9.5 g VSS L -1 was achieved, and the diameter of the formed granules was between 0.2 and 0.8 mm.
The solids concentration in the reactor increased from 0.94 g VSS L -1 on day 8 to 3.92 g VSS L -1 on day 91 day of operation. After day 91, the solids concentration decreased to around 1.5 g VSS L -1 (day 120) and remained at this value until the end of the experiment. The average VSS/TSS ratios of the reactor and effluent were 0.86 and 0.80 g SS L For FISH, the EUB338 mix showed positive results for organisms belonging to the domain Bacteria. Additionally, an important portion of these bacteria belonged to β-Proteobacteria, and AOBs were also detected by using the Nso 190 probe. Most of the AOBs were identified as Nitrosomonas spp. by the NEU653 probe. The NIT3 probe also yielded positive results, indicating the presence of Nitrobacter spp. and/or Nitrospira spp..
Organic Matter Removal
Because the inlet Soluble Chemical Oxygen Demand (sCOD) concentration fluctuated between 422 and 817 mg sCODL . In spite of this fact, the organic matter removal efficiency remained very stable at values around 75% from day 0 to 60, which then reached 90% throughout the remainder of the operational period (Figure 4(a) ). Wang et al. (2004) achieved a similar COD removal efficiency in an aerobic granular SBR treating synthetic wastewater at an OLR of 4.8 g COD L -1 d -1 under similar hydrodynamic conditions. COD concentration was periodically tracked in the liquid phase during selected operational cycles in order to establish a COD profile. The COD measurements showed that organic matter was consumed during the first 20 minutes of aeration (feast period) at which time the DO concentration was around 4-6 mg O 2 L -1 (Figure 4(b) ). . Nitrification was already observed during the start-up period, although its efficiency fluctuated between 50 and 90% during the first 60 days of operation due to the fluctuations in the pH of the system (Figure 5(a) ). After day 60, the pH value of the influent was adjusted in order to maintain stable nitrification.
Nitrite presence was always observed in the effluent and at a higher concentration than that of nitrate ( Figure 5(a) ). Nitrite accumulation is frequently described in these kinds of systems (Figueroa et al., 2008) . This could be related to the effect limiting oxygen conditions have on the growth of NOBs during the operational cycles (Vázquez-Padín et al., 2010) .
Average nitrogen removal was only 21%, which indicated that denitrification was limited ( Figure  5(b) ). The mean COD/N ratio was 13.23, and this value contributed to the denitrification that occurred. Nitrification is detected when the SRT is higher than 12 days (Sousa et al. 2008) , and this agrees with the SRT values obtained during the operational period in this study. Zhou et al. (2007) also found that the aerobic granular SBR system can achieve high ammonia removal rates. In this study, a SRT of 2 to 3 days already reached ammonia removal percentages of around 80%. This could be attributed to the relatively high influent temperatures (16-27 °C).
There was not a clear trend for phosphate removal efficiency. This was probably due to the changes in inlet phosphate concentrations (Figure 6) . A maximum value of around 80% was achieved between 71 and 119 days. 
CONCLUSIONS
Granule formation under the tested operational conditions occurred relatively quickly, only taking 30 days, and biomass concentrations up to 4 g VSS L -1 were achieved. The system performance was stable in terms of organic matter and ammonia removal. Nitrification occurred throughout the entire operational period with an end product of primarily nitrite. However, the phosphorus removal efficiency fluctuated, which was probably due to the variations of inlet phosphate concentrations.
The system was able to achieve OLRs and ALRs up to 3.60 g COD L , respectively, under fluctuating conditions. This demonstrates the high capacity and flexibility of the system. Therefore, incorporating this system into small wastewater treatment plants may be a feasible option.
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